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Abstract: The main goal of the present paper was to synthesize the polyvinyl alcohol-SiO2 nanoparti-
cles polymeric membrane by wet-phase inversion method. The efficiency of prepared membranes
(without and with SiO2) was investigated using a versatile laboratory electrodialysis system filled
with simulated wastewaters that contain zinc ions. All experiments were performed at following
conditions: the applied voltage at electrodes of 5, 10 and 15 V, a concentration of zinc ions solution
of 2 g L−1, time for each test of 1 h and at room temperature. The demineralization rate, extraction
percentage of zinc ions, current efficiency and energy consumption were determined. The polymeric
membranes were characterized by Fourier Transforms Infrared Spectroscopy-Attenuated Total Reflec-
tion (FTIR-ATR), Scanning Electron Microscopy (SEM) and Electrochemical Impedance Spectroscopy
(EIS). The higher value of percentage removal of zinc ions (over 65%) was obtained for the polymeric
membrane with SiO2 nanoparticles, at 15 V. The FTIR-ATR spectra show a characteristic peak located
at ~1078 cm−1 assigned to the Si-O-Si asymmetrical stretching. SEM images of the polymeric mem-
brane with SiO2 nanoparticles show that the nanoparticles and polymer matrix were well compatible.
The impedance results indicated that the SiO2 nanoparticles induced the higher proton conductivity.
The final polymeric membranes can be used for the removal of various metallic ions, dyes, organic or
inorganic colloids, bacteria or other microorganisms from different natural waters and wastewaters.

Keywords: silica nanoparticles; electrodialysis; wastewater; zinc ions; ionic conductivity

1. Introduction

The pollution of air, water and soil with metallic ions has attracted great attention of
environmentalists and researchers. The most metallic ions (e.g., Zn2+, Cu2+, Fe2+, Cd2+,
Pb2+, Ni2+, Hg2+) released into the environment from industrial activities (e.g., electroplat-
ing, smelting, battery manufacture, tanneries, paint and pigments manufacture, pesticides,
printing and photographic industries, mining and refining processes) [1,2], can have nega-
tive effects on plants, animals and human health, because are toxic, non-biodegradable,
persistent, have potential to be bio-accumulated and cannot be metabolized or decom-
posed [2,3]. The major sources of zinc ions into the environment by wastewaters are
electroplating, smelting, alloy manufacturing, ceramics, textiles, fertilizers, pigments, bat-
teries and mining industry effluents [2,3]. The European Environment Protection Agency
and the World Health Organization established lists with the dangerous substances and
inorganic pollutants where zinc has been included [2,4,5]. Based on the lists, the World
Health Organization, Environment Protection Agency, European Ministry of Environment
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and Forest, established limits of discharge of zinc from industrial activities into the envi-
ronment as follows: for estuaries and marine waters of 40 µg L−1, for freshwater between
45 and 500 µg L−1 and for wastewater of 5 mg L−1 [2–4]. Zinc is considered an essential
element for the aquatic ecosystems, natural flora and fauna and for human health. It was
reported [2,5] that the concentration of 120 µM of zinc may cause negative and irreversible
effects for plants and animals (e.g., micronucleus induction in plant Vicia faba [6], kill some
organisms, invertebrates and even vertebrate fish [2,6]. The World Health Organization
and The Institute of Medicine recommended as a tolerable level of zinc from foods of
15 mg day−1 for adults [7,8]. The tolerable level of zinc from supplements was established
for an adult of 40 mg day−1 [8] and for children of 2 mg day−1 [9]. It was reported that over
tolerable limit of zinc can produce gastrointestinal disturbance, i.e., irritability, loss of ap-
petite, muscular stiffness, diarrhea [5,10]. The persons that work in different industries (e.g.,
galvanizing and in manufacturing brass another alloys, batteries and pigments) and are
exposure to zinc at levels between 100 and 500 mg day−1 [2,10], can have health problems,
such as: lethargy, hyperamylasemia, pancreatitis, pulmonary edema, renal insufficiency,
and neurological disturbances [2,10,11].

Several conventional methods have been used for the treatment and removal of heavy
metals from water and wastewater, such as: chemical precipitation, coagulation, flotation,
ion exchange, solvent extraction, and chemical adsorption [3,12,13]. These conventional
methods have limitations, such as: large amount of sludge, extra operational cost for sludge
disposal, large amount of chemicals for removal of metals from waters and wastewaters,
involves large activation energy, low selectivity [11–13]. Membrane technologies [14–16],
such as: electrodialysis, ultrafiltration, reverse osmosis, nanofiltration, has been successfully
applied in the last decades, at the laboratory scale and at the industrial level, due to the
major advantages such as: high efficiency, can function at low temperature, does not require
additional chemicals, low environmental impact [14,16–18].

Electrodialysis is a membrane separation method for the removal of ionized species
from water and/or wastewater by transporting ions through an ion exchange membrane,
semi-permeable membrane or ion-permeable membrane to other solution under applying
an electric potential directed perpendicular to the membrane plane. The membranes are
positioned between the cell compartments of the electrodialysis. When electric current is
passed through the cell compartments of the electrodialysis, anions migrate to the anode
electrode and are retained by the negatively charged membranes, while the cations migrate
to the cathode electrode and are retained by the positively charged membranes. At the final
of the electrodialysis process with three compartments, as a result of the transport process,
the solution from the central compartment will be diluted in pollutants, and the solution
from the anodic compartment will be enriched/concentrated in pollutants [14,17–19]. Elec-
trodialysis has been successfully applied at the laboratory scale and at the industrial level
for treated waters and wastewaters containing contaminants and products, such as: heavy
metal ions [14,17,18], acids [19], dyes [16,20], and organic matter [16,19]. The wastewaters
may come from different industries, such as: chemistry [18–20], (bio)chemistry [21], food
processing [22], pharmaceutical [18,21], mining and refining [15,17,22,23]. Electrodialy-
sis was successfully applied for the removal of contaminants from different waters and
wastewaters due to their advantages, such as: high separation selectivity and efficiency,
does not require specialized equipment, operates without noise, low maintenance, low
capital cost, low space and material requirements [14,17,20–22].

In the last years, researchers have synthesized polymeric membranes that contains dif-
ferent types of natural (e.g., cellulose and cellulose derivates, chitin and chitosan [23,24]) or
synthetic polymers (e.g., polyvinyl alcohol, polyamide, polystyrene, polysulfone, polyether-
sulfone [25–27]) and metal oxide nanoparticles (e.g., silica (SiO2), zinc oxide (ZnO), titanium
dioxide (TiO2), zirconium (ZrO2), iron oxide (Fe2O3) [28–30]). Pereira et al. [30] synthetized
the biohybrid membranes by association of electrospun hydrolysis–resistant polyvinyl
alcohol membranes and free-living bacteria for the removal of pollutants. The studies
indicated that than 46% of the hexavalent chromium and the phenol content were removed



Polymers 2021, 13, 1875 3 of 17

from a tannery effluent. Torasso et al. [31] developed electrospun membranes containing
iron oxide nanoparticles inside polyvinyl alcohol nanofibers for arsenic adsorption. They
demonstrated that the prepared membrane has an enhanced arsenic adsorption capacity
(52 mg g−1). SiO2 nanoparticles have used in the synthesis of different membranes and
applied in the membrane processes due to their special properties, such as strong surf ace
energy, small size, thermal resistance, fine suspension in aqueous solution and relatively
inert from an ecological point of view [30,32,33]. The polymeric membranes with SiO2
nanoparticles were successfully applied for water and wastewater treatment due to their
advantages, such as: exhibit excellent permeability, higher selectivity, chemical stability,
mechanical and thermal resistance, high hydrophilicity, fouling resistance, assure higher
fluxes for water [29,31–33]. Rosdi et al. [33] prepared a chitosan/silica composite mem-
brane for separate of lead(II) ion from aqueous solution. They related that the adsorption
efficiency was 89.27% for composite membrane as compared to 11.50% of pure chitosan
membrane, at optimum pH of 7.0 and an initial concentration of 220 mg L−1. In our pre-
viously studies, we have successfully applied a mini-electrodialysis system and different
membranes containing ion exchange resins for the treatment of a synthetic effluent which
contained zinc ions. The obtained results indicated that the removal ratio of zinc ions was
higher (over 75%) when higher concentrated solution was treated (6 g L−1), at a constant
applied voltage of 5 V, after 1.5 h of treatment [34].

In this work, we prepared and investigated the performance of polymeric mem-
brane without and with SiO2 nanoparticles for zinc ions (Zn2+) removal from a simulated
wastewater. The prepared polymeric membranes (without and with SiO2) were tested at
different conditions using a new versatile laboratory electrodialysis system, own construc-
tion. The performance of the laboratory electrodialysis system was evaluated in terms of
demineralization rate, extraction percentage of zinc ions, current efficiency and energy
consumption. The prepared polymeric membranes were characterized by Fourier Trans-
forms Infrared Spectroscopy-Attenuated Total Reflection (FTIR-ATR), Scanning Electron
Microscopy (SEM) and Electrochemical Impedance Spectroscopy (EIS).

2. Materials and Methods
2.1. Materials and Reagents

Silicon dioxide nanopowder (SiO2, between 10 and 20 nm size) was purchased from
Sigma–Aldrich (Merck, Redox Lab Supplies Com SRL, Bucharest, Romania).

Acrylonitrile, vinyl acetate and dimethyl sulfoxide were supplied by Sigma-Aldrich
(Merck KGaA, Darmstadt, Germany) and used without further purification.

2.2. Synthesis of Polyvinyl Alcohol-SiO2 Nanoparticles Polymeric Membrane

Polyvinyl alcohol solution, due to stabilization effect, was used for the preparation
of polymeric membranes. This solution was prepared in the laboratory by following
procedure: firstly, a solution of polyvinyl acetate was obtained by radical polymerization of
vinyl acetate in methanol (80:20, wt.%), at 60 ◦C, under refluxing, using as initiator the 2,2′-
Azobis(2-methylproprionitrile) (98%, Sigma-Aldrich, Merck KGaA, Darmstadt, Germany).
After that, to obtain the final solution of polyvinyl alcohol, a mixture of polyvinyl acetate
and methanol (40%) was catalyzed in the presence of 2% of sodium hydroxide (NaOH)
(Merck, Redox Lab Supplies Com SRL, Bucharest, Romania) (calculated to amount of
polyvinyl acetate), at 50 ◦C. Vinyl acetate and methanol were supplied by Sigma-Aldrich
(Merck, Redox Lab Supplies Com SRL, Bucharest, Romania).

The polyvinyl alcohol-SiO2 nanoparticles polymeric membrane was obtained by wet-
phase inversion method, at room temperature (24 ± 1 ◦C), by following procedure: in a
beaker was added a mixture of 3.5 g of copolymers (acrylonitrile (C3H3N) (70%) and vinyl
acetate (C4H6O2) (30%)), and polyvinyl alcohol solution (20%) was completely dissolved in
50 mL of dimethyl sulfoxide ((CH3)2SO), under constant and uniformly magnetic stirring
(300 rpm), at 100 ◦C (DLAB MS-H-Pro+, AMEX-lab, Bucharest, Romania), for 5 h. After
that, 15% wt. SiO2, calculated to the polymer mixture, were gradually added to the
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solution, under magnetic stirring (200 rpm), at 90 ◦C (DLAB MS-H-Pro+, AMEX-lab,
Bucharest, Romania), for another 4 h. The viscous and homogeneous polymeric solution
was left overnight at room temperature (24 ± 1 ◦C) without stirring to remove the air
bubbles. The polymeric solution obtained was cast on a detachable glass plate using a
manually film applicator (Multicator 411, Erichsen, Minneapolis, MN, USA). To obtaining
a uniform film, thickness of 0.25 mm, the spread casting solution was controlled manually
adjusting the height of the applicator. After that, the film cast onto the glass plate was
dipped immediately into a glass vessel containing deionized water, at room temperature
(24 ± 1 ◦C), to obtain the polyvinyl alcohol-SiO2 nanoparticles polymeric membrane. The
schematically preparation of the polymeric membrane with SiO2 nanoparticles is indicate
in Figure 1.

Figure 1. Schematic representation of the preparation polymeric membrane with SiO2 nanoparticles.

A similar procedure was employed for the synthesis of the polymeric membrane
without SiO2 nanoparticles.

All prepared polymeric membranes were washed three times with deionized water
before being used to remove zinc ions from a synthetic wastewater.

2.3. Laboratory Electrodialysis System

Experiment tests were realized using an new versatile laboratory electrodialysis system,
own construction, composed from following components: three compartments (anodic,
middle and cathodic) made from poly(methyl methacrylate), two pure graphite electrodes
(anode and cathode, 99.9% purity) and two identically prepared polymeric membranes. The
electrodes were positioned at the extremities of the laboratory electrodialysis system and
the prepared polymeric membranes were placed between the compartments (Figure 2).
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Figure 2. Laboratory electrodialysis system with polymeric membranes.

The dimensions of the laboratory electrodialysis system (Figure 2) were: external
diameter of each compartment of 7.5 cm, inside diameter of each compartment of 6.3 cm,
thickness of each compartment without O-rings of 0.765 cm, thickness of each compartment
with O-rings (T-06879 YATO, Yato Tools Co., Ltd. Shanghai, China), on both sides of the
compartment, of 0.985 cm. Thickness of each electrode was 0.935 cm. The working
surface area of each prepared polymeric membrane and each graphite electrode was
approximately 32 cm2.

All compartments of laboratory electrodialysis system (Figure 2) were filled with the
same simulated wastewater prepared from zinc(II) sulfate heptahydrate (ZnSO4·7H2O)
(Chimopar SRL, Bucharest, Romania), sulphuric acid (H2SO4) (98%, Merck KGaA, Darm-
stadt, Germany) (molar ratio 1:1) and distilled water to obtain a solution containing 2 g L−1

of zinc ions. The total volume of simulated wastewater in all compartments was approxi-
mately 95 cm3. All experiments were realized at different applied voltages at electrodes of
5, 10 and 15 V, using a power supply (AX-3005D, 0–30 VDC, 0–5 A, AXIOMET, Transfer
Multisort Elektronik, Lodz, Poland), without recirculation of simulated wastewater, at
room temperature (24 ± 1 ◦C) and a time for each test of 1 h.

The laboratory electrodialysis system performance was evaluated in terms of
(i) demineralization rate (Dr); (ii) percentage removal (Pr) of zinc ions; (iii) current ef-
ficiency (or transport) yields (Ie) of zinc ions, and (iv) energy consumption (Ec).

The solutions, before and after experimental tests, were filtered using the filter paper
(Whatman paper, 0.8 µm) and were analyzed using a UV-Vis spectrophotometer (SP-830+,
Metertech Inc., Nankang, Taipei, Taiwan), at a wavelength of 330 nm, to determine the
concentrations of zinc ions.

Demineralization rate (Dr) was calculated using the following Equation (1) [20,35]:

Dr = (1− λf
λi
) · 100 (1)

where λi and λf are the conductivities of the initial wastewater and of the final solutions
from middle compartment, after 1 h of treatment (mS cm−1).

The conductivity of filtered solutions was measured using a multi-parameter analysis
(C1010, Consort bvba, Turnhout, Belgium).

The percentage removal of zinc ions (Pr) was calculated using the following
Equation (2) [14,34,36,37]:

Pr =
Ci −Cf

Ci
· 100 (2)
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where Ci and Cf are the initial and the final concentrations of zinc ions (mg L−1).
The current efficiency (Ie) was calculated based on the concentrations of solutions

using Equation (3) [14,34]:

Ie =
z · (Ci −Cf) ·V · F

N · I · t
· 100 (3)

where Ie is current efficiency; z is charge number of zinc ions; V is the total volume of simu-
lated wastewater filled in all compartments (L); F is the Faraday constant (96,486 C mol−1);
N is the number of membrane pairs; Ī is the average current intensity (A); t is the duration
time of treatment (s).

The energy consumption (Ec) during electrodialysis process was calculated by
Equation (4) [14,34,35,37]:

Ec =
U
V
·
∫ t=tf

t=0
I(t) · dt (4)

where Ec is the energy consumption (kWh m−3), I is the current intensity (A), U is the
applied voltage (V), t is the initial time (h), tf is the final time (h), and V is the total volume
of feed solution from all compartments (m3).

All prepared polymeric membranes, before and after using in the laboratory electro-
dialysis system (Table 1), were characterized by Fourier Transforms Infrared Spectroscopy-
Attenuated Total Reflection (FTIR-ATR), Scanning Electron Microscopy (SEM), and Electro-
chemical Impedance Spectroscopy (EIS).

Table 1. Codes of polymeric membranes without and with SiO2 nanoparticles, before (applied
voltage: 0 V) and after electrodialysis process (applied voltage: 5, 10 and 15 V).

Code Membrane Type Applied Voltage, V

F0

Polymeric membrane without SiO2 nanoparticles

0
F1 5
F2 10
F3 15

C0

Polymeric membrane with SiO2 nanoparticles

0
C1 5
C2 10
C3 15

2.4. Characterization of Prepared Polymeric Membranes
2.4.1. Fourier Transforms Infrared Spectroscopy-Attenuated Total Reflection (FTIR-ATR)

Infrared spectroscopy study was performed on FTIR spectrophotometer (Perkin
ELMER, Ltd., London, UK) in the attenuated total reflection mode (ATR). The FTIR-ATR
spectra were recorded at the 4000–400 cm−1 interval, by collecting 16 scans for each point,
at a spectral resolution of 4 cm−1.

2.4.2. Scanning Electron Microscopy (SEM)

The top-surface and cross-section morphologies of the obtained polymeric membranes,
cut into pieces of 0.2 cm × 0.2 cm, covered with a thin gold layer and performed in low
vacuum mode, were visualized using Scanning Electron Microscopy (S-2600N, HITACHI,
Tokyo, Japan).

2.4.3. Electrochemical Impedance Spectroscopy (EIS)

All electrochemical impedance experiments have been carried using a potentio-
stat/galvanostat (Parstat CS350 Electrochemical System, Wuhan Corrtest Instruments
Corp. Ltd., Wuhan, China), associated with an integrated software (ZSimpWin version
3.5, AMETEK Scientific Instruments, Berwyn, PA, USA). The EIS measurements were per-
formed using an electrochemical cell composed by two symmetrical platinum electrodes



Polymers 2021, 13, 1875 7 of 17

(Figure 3a) (surface area of 0.1 cm × 0.1 cm, thickness of 0.55 mm, purity 99%), at room
temperature (24 ± 1 ◦C). The small pieces of each wet prepared polymeric membrane
(surface area of 0.2 cm × 0.2 cm), were placed between platinum electrodes (Figure 3b)
and connected to the electrochemical system, to obtain the main electrical parameters. The
applied frequency range was between 100 kHz and 1 Hz, and the applied a.c. amplitude
perturbation was 10 mV.

Figure 3. Electrochemical cell for EIS measurements: (a) two symmetrical platinum electrodes and
(b) small sample of wet prepared polymeric membrane placed between platinum electrodes.

Proton conductivity (σ) of the polymeric membranes (without and with SiO2 nanopar-
ticles) was calculated by using the Equation (5) [14,38]:

σ =
l

R ·A (5)

where σ is the proton conductivity (S cm−1), l is the membrane thickness (cm), A is the area
of the wet polymeric membrane sample (cm2), and R is the measured membrane resistance
obtained from the electrochemical impedance spectroscopy (EIS) data (S).

3. Results and Discussion
3.1. Laboratory Electrodialysis System Efficiency

The laboratory electrodialysis system was tested preliminary at different conditions
(applied voltage at electrodes (3 V and 20 V)) and different concentration of wastewater
containing zinc ions (between 0.5 g L−1 and 2.5 g L−1). The results showed that a lower
applied voltage (3 V) and a low concentration of zinc ions (0.5 g L−1) leads to a low
percentage removal of zinc ions. Moreover, a higher applied voltage (20 V) lead to increase
of energy consumption. A concentrated solution (2.5 g L−1) leads to increased resistance of
system, increased the energy consumption, destruction or damage to membranes, which
go a long way to increasing the total costs. The electrodialysis system operated over 1 h,
for treatment of wastewater containing zinc ions, led to a higher percentage removal of
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zinc ions, but the energy consumption was higher, and the prepared polymeric membranes
showed cracks and finally decreases the membranes resistance. Due to these aspects
mentioned above, which are not an advantage, in this study the laboratory electrodialysis
system was chosen to be operated at values of applied voltages of 5 V, 10 V and 15 V, and a
concentration of wastewater containing zinc ions of 2 g L−1. The calculated results of Dr,
Pr, Ie and Ec for zinc ions, using Equations (1–4), after 1 h of treatment, for different values
of applied voltage, are indicate in Table 2.

Table 2. Dr, Pr, Ie and Ec values obtained after 1 h of treatment.

Membrane Code Dr, % Pr, % Ie, % Ec, kWh m−3

F1 27.93 23.68 23.22 5.55

F2 40.41 44.63 11.01 26.83

F3 66.28 58.63 4.73 147.33

C1 36.48 39.64 10.70 4.17

C2 49.31 53.61 6.62 23.93

C3 73.93 66.58 2.65 92.67

The data presented in Table 2 highlight that the values for Dr and Pr increase with
increasing of the applied voltage at the lead electrodes. The higher values of Dr (73.93%)
and of Pr (66.58%) were obtained for the polymeric membrane with SiO2 nanoparticles
(C3), at 15 V, after 1 h of treatment. These higher values can be due to the enough current
intensity that crossing the laboratory electrodialysis system that leads to a more intensive
ionic migration. When the values of Dr and of Pr increase then the applied voltage
increasing, and this fact can be due to migration of water that solvated the zinc ions.
Also, this fact can be due to the increase of the differences on osmotic pressure between
dilute (middle) and concentrate (anodic) compartments [14,35–37]. The increase of applied
voltage led to a reduction in the dilute solution’s conductivity, due to the displacement of
zinc ions through the polymeric membrane from the anodic compartment (concentrate
solution) to the middle compartment (dilute solution) [35–37]. At applied voltage of 5 V,
the values of Pr were lower (for sample F1 was 23.68% and for sample C1 was 39.64%)
because the current that crossing the laboratory electrodialysis system (current between
anode and cathode electrodes) was insufficient to facilitate the transport of ions through
prepared polymeric membranes. Also, this can due to the concentration polarization in the
polymeric membrane boundary layer as well as depletion of electron carriers in the middle
compartment (dilute solution). The values of separation efficiency found in this work were
in a good agreement with data provided in the literature [35–37]. Dalla Costa et al. [35]
treated a metal finishing wastewater containing different metallic ions by electrodialysis
and using Nafion and Selemion membranes (Nafion is a registered trademark of E. I. du
Pont de Nemours and Co. and Selemion is a registered trademark of Asahi Glass Co.) [35].
They reported that the highest percent extraction of the zinc ions after 6 h of treatment
under potentiostatic control was 20.3%. Babilas and Dydo [36] examined the possibility of
selective zinc recovery from simulated electroplating industry wastes by electrodialysis
enhanced with complex formation. The results indicated that the zinc recovery exceeded
86.6% with current efficiency equal to 84.95%, for heterogeneous ion-exchange membranes
type CM(H)-AM(H) Ralex, at a constant voltage of 6 V, after 60 min of treatment.

The current efficiency was determined based on the values of the monitored current
intensity using a power supply (AX-3005D, 0 ÷ 30 VDC, 0 ÷ 5 A, AXIOMET, Transfer
Multisort Elektronik, Lodz, Poland). At the beginner of the electrodialysis process, the
current intensity initial increase with time possible due to the heating of the solutions,
and after 10 min decrease due to the resistance increase. The values of current efficiency
decrease with the increasing of the applied voltage. The variation of current efficiency
can be attributed to the decrease in the electrical resistance of the system. The lower
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value of Ie (2.65%) was obtained for polymeric membrane with SiO2 nanoparticles (sample
C3). The increase in applied voltage decreases the current intensity of the system. This
led to an increase of energy consumption. The higher value of Ec (147.33 kWh m−3)
was obtained for polymeric membrane without SiO2 nanoparticles (sample F3) and the
lower value of Ec (92.67 kWh m−3) was obtained for polymeric membrane with SiO2
nanoparticles (sample C3). This value was in a good agreement with data reported by
other authors [35,37]. When high voltage (>15 V) is applied to electrodialysis system,
containing high concentration of zinc solutions (>20 g L−1), the effect of concentration
polarization becomes more prominent and current efficiency of electrodialysis significantly
decreases [35].

At the end of each experiment, when the laboratory electrodialysis system was disas-
sembled, the formation of wet metallic zinc layer deposited on the cathode electrode surface
was observed and viewed using a camera (Panasonic LUMIX DMC-LS80, Panasonic AVC
Networks Xiamen Co. Ltd., Xiamen, China) (Figure 4).

Figure 4. Image of cathode electrode surface before (a) and after (b) metallic zinc layer deposited.

The metallic zinc deposits, after drying at room temperature (24± 1 ◦C), can be further
used in various industry (e.g., galvanization, automobile, construction, light industry,
machinery, chemical, pharmaceutical, batteries, pigments, textiles, paint) with different
applications (e.g., covering material for roofs, zinc spelter, zinc wire, printing zinc plates,
zinc-manganese batteries and zinc air batteries, rubber, it is suitable for making components
and covers of instruments and meters). The dilute solution, obtained after the treatment
using the laboratory electrodialysis system, can be released into the environment if has a
concentration according to the quality standards and regulations set by the Environmental
Protection Agency.

3.2. FTIR-ATR Spectroscopy

FTIR-ATR analysis was conducted to elucidate the nature and correlation between the
polymer matrix chains and the incorporation of SiO2 nanoparticles (Figure 5).
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Figure 5. FTIR-ATR spectra for polymeric membranes without (a) and with (b) SiO2 nanoparticles, before (F0 and C0) and
after (F1–F3 and C1–C3) 1 h of treatment.

The band observed between 3300–3500 cm−1 was attributed to the stretching O–H
group, resulting from the intramolecular and intermolecular hydrogen bonds [39,40]. Bands
in the range of 3020–2968 cm−1 correspond to the C–H stretching of –CH2 (samples F1–F3).
The peak at 2944 cm−1 showed C–H stretching vibrations of PVA (samples F1–F3), while
for samples C1–C3, C–H stretching vibration bands were observed at around 2935 cm−1.
The peak has shifted towards lower wavenumber, after electrodialysis process, possible due
to the carbonyl group interaction with hydrogen bonding. Also, it is possible that the free
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carbonyl group increased with the addition of silica particles [40]. The peaks that appear
at 2244 cm−1 and ~1449 cm−1 can be assigned to C≡N stretching vibrations and –CH2
bending vibration, respectively [36,37,40]. The intensity of these peaks for membrane with
SiO2 nanoparticles (C1–C3) increase after electrodialysis process. These results indicated
the strong interactions of the incorporation of SiO2 nanoparticles in polymer matrix with
zinc ions, confirmed also by the percentage removal of Zn2+. The peaks at 1370 cm−1 and
around 1230 cm−1 can be due to symmetric vibrations of –CH3 and of C–O single bond
stretching modes [37,39,40].

In all spectra of samples C0-C3, the peak that appear at ~1640 cm−1 can be assigned to
C=C and corresponded to the bonded carbonyl groups, and the peak at 1737 cm−1 related
to the free carbonyl groups [40–42]. The modification of carbonyl band, after electrodialysis
process (1737 cm−1), confirmed the presence of hydrogen bonding between carbonyl and
hydroxyl groups. The main characteristic absorption peaks of SiO2 were observed and
were found at around 1078 cm−1 ascribed to Si–O–Si (asymmetric stretching vibration) and
around 942 cm−1 ascribed to silanol (Si–OH) groups (bending vibration). The adsorption
peaks at around 808 cm−1 and 457 cm−1 were ascribed to Si–O (symmetric stretching
vibration) [41–43].

3.3. SEM Analysis

In order to study the effect of the incorporation of SiO2 nanoparticles in the structure
of the prepared polymeric membranes, SEM micrographs at 2000×magnification of the
top surface and cross-section polymeric membranes without and with SiO2 nanoparticles
(samples F0 and C0), before used in the laboratory electrodialysis system, were examined
(Figure 6a–d).

Figure 6. SEM images of polymeric membranes (without and with SiO2 nanoparticles): F0, top-surface (a) and cross-section
(b); C0, top-surface (c) and cross-section (d).
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Figure 6a–d showed the top-surface and cross-section morphologies of polymeric
membranes without (F0) and with (C0) SiO2 nanoparticles. The top-surface view of the
polymeric membrane without SiO2 nanoparticles (sample F0) (Figure 6a) showed the
formation of spongy like holes, more and large pores (between 25.26 µm and 60.67 µm),
nodule and macro void like structure [42–44]. The top-surface morphology of the polymeric
membrane (sample C0) (Figure 6c) was changed significantly with incorporation of SiO2
nanoparticles in the polymer matrix. The SEM images, for sample C0, showed the uniform
distribution and dispersion of the SiO2 nanoparticles in the active layer of the prepared
polymeric membrane. It can be observed that the SiO2 nanoparticles were regular on
surface of polymeric membrane. This indicated that the SiO2 nanoparticles were fixed on
the polymer main chain. Also, SEM images indicate that the nanoparticles are compatible
with polymer matrix [37,41–43]. Moreover, the SiO2 nanoparticles incorporated in the
prepared polymeric membrane, observed as white circular and non-circular shape, led
to the formation of packed chain structure, reduce the pores size (between 1.045 µm and
288.5 nm) and reduce the macro void. The cross-section view of the polymeric membrane
without SiO2 nanoparticles (Figure 6b) shows a fused nodule structure, whereas, the
polymeric membrane with SiO2 nanoparticles had apparently loose nodule (Figure 6d).
This can indicate the existence of interfacial stresses between SiO2 nanoparticles and
polymer matrix. Figure 6d shows that the SiO2 nanoparticles are interconnected and
densely incorporated and dispersed in the polymer matrix, which can be beneficial to
improving the resistance and proton conductivity of the polymeric membrane [41,42].
The interaction between polymer matrix and SiO2 nanoparticles can prevent the silica
nanoparticles agglomeration. The obtained results are in good agreement with other data
reported in literature [42,43]. Petcu et al. [37] showed that the introduction of fumed
silica powder into the polymer matrix structure of polymeric membrane reduces the
pore size. Jia et al. [41] studied the polyvinyl alcohol/silica nanocomposites derived from
copolymerization of vinyl silica nanoparticles and vinyl acetate. They showed that the silica
nanoparticles and PVA matrix were well compatible. Also, the size of silica nanoparticles
dispersed in PVA matrix remained between 30 and 40 nm and almost equal. This suggested
that the copolymerization had taken place.

3.4. EIS Measurements

The electrochemical impedance spectroscopy (EIS) is a versatile electrochemical tech-
nique used to evaluate the electrical response of the polymeric membranes (e.g., resistance
of electron charge transfer, double layer capacitance, electrical resistance (impedance),
conductivity) [14,38].

The electrochemical impedance measurements have been carried out at room temper-
ature (24 ± 1 ◦C). The Bode diagrams for all polymeric membranes (without (F0–F3) and
with (C0–C3) SiO2 nanoparticles), before and after electrodialysis tests) (Figures 7 and 8),
were realized to indicate the relation between the impedance (Z), the frequency and the
phase angle.

Figures 7 and 8 show that the impedance decrease with increasing of frequencies
possible due to a capacitive resistance change transfer at the electrode–wet membrane
interface that is in series with the impedance of the cell elements. It can be observed that
the system impedance (at the limit of zero frequency) decrease as applied voltage increased.
This can be due to the decreases of interfacial ionic charge transfer from the solution phase
through the electric double layer to the membrane and metallic ions that migrated through
the interfacial double layers [14,37,38]. Due to the introduction of SiO2 nanoparticles in
the polymer matrix, the strength of the static electric interaction between the Zn2+ and the
negatively charged fixed groups (e.g., –SO3H, –CH3 or –CH2–) can increased and can lead
in an increase in ion transfer resistance [44,45].
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Figure 7. Bode diagrams for polymeric membranes without SiO2 nanoparticles, before (F0) and after (F1–F3) 1 h of treatment.

Figure 8. Bode diagrams for polymeric membranes with SiO2 nanoparticles, before (C0) and after (C1–C3) 1 h of treatment.

Proton conductivity (σ) of the polymeric membranes without and with SiO2 nanopar-
ticles was calculated from the bulk resistance that was determined from the high frequency
intercept of the imaginary component of the impedance with the real axis. The calculated
proton conductivities are presented in Figure 9.



Polymers 2021, 13, 1875 14 of 17

Figure 9. Proton conductivity values of polymeric membranes without and with SiO2 nanoparticles, before and after used
in the electrodialysis system.

It can be observed from Figure 9 that the proton conductivity of the polymeric mem-
branes increases with the increasing of applied voltage. The proton conductivities of all
polymeric membrane samples were higher than 0.3 × 10−3 S cm−1. For the initial poly-
meric membrane with SiO2 nanoparticles (sample C0), the value of proton conductivity
was 0.642 × 10−3 S cm−1 and for the polymeric membrane without SiO2 nanoparticles
(sample F0), the value of proton conductivity was 0.366 × 10−3 S cm−1. This shows that
the presence of SiO2 nanoparticles in the polymeric membranes influences the electrical
conductivity that have an important role in the metallic ion transport through the polymeric
membranes. The increase of values of the proton conductivity of polymeric membranes
after electrodialysis process, from 0.381 × 10−3 S cm−1 to 0.471 × 10−3 S cm−1 (sample
F1–F3) and from 0.678 × 10−3 S cm−1 to 0.840 × 10−3 S cm−1 (sample C1–C3), can be due
to the increases of the mobility of zinc ions and polymer chains. An increase in the value
of the proton conductivity can be attributed to the increases of the mobility of free ions
as applied voltage was increasing. The higher value of proton conductivity was obtained
for the polymeric membrane with SiO2 nanoparticles (sample C3) of 0.840 × 10−3 S cm−1.
This can be attributed to the more zinc ions transport through the polymeric membrane
and due to the incorporation of SiO2 nanoparticles in polymer matrix. The obtained results
are in concordance with the values obtained for percentage removal of zinc ions. The final
values of proton conductivity of the prepared polymeric membrane in present work is
acceptable at the current stage and are in good agreement with other data reported in
literature [45–47]. Ahmadian-Alam et al. [46] prepared the nanocomposite polymer elec-
trolyte membrane contained sulfonic acid functionalized silica and imidazole-encapsulated
NH2-MIL-53(Al) (MOF) nanoparticles. They reported that the proton transport of the
prepared nanocomposite membrane increases to 0.017 × 10−3 S cm−1 by adding only
5% of sulfonic acid functionalized silica and imidazole-encapsulated MOF. Zuo et al. [47]
developed a poly(vinylidene fluoride)/ethyl cellulose and amino-functionalized nano-SiO2
(PVDF-EC-(A-SiO2)) composite coated on polyethylene. They related that the higher proton
conductivity of the composite membrane was of 0.79×10−3 S cm−1. The data reported in
the literature reveals that the higher proton conductivity could be obtained by introducing
much more functional groups (e.g., –SO3H, R-N(CH3)3OH, R-SO3

−) into the polymer
chains [44,47].

4. Conclusions

In this paper, the polymeric membranes without and with SiO2 nanoparticles were
successfully prepared and applied for the removal of zinc ions (Zn2+) from a simulated
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wastewater using a new versatile laboratory electrodialysis system. The experimental
results from the electrodialysis process indicated that the values of demineralization rate
and of percentage removal of zinc ions increase with the increasing of applied voltage. This
can be due to migration of water that solvated the zinc ions. The results revealed that the
higher value of percentage removal of zinc ions (66.58%) was obtained for the polymeric
membrane with SiO2 nanoparticles, at higher applied voltage (15 V), after 1 h of treatment.
FTIR-ATR spectra showed the strong interactions of SiO2 nanoparticles incorporated in
polymer matrix with zinc ions. SEM micrographs of the top-surface and cross-section
of polymeric membrane with SiO2 nanoparticles indicated that the SiO2 nanoparticles
were uniform distributed and dispersed in the polymer matrix of the prepared polymeric
membrane. The values of proton conductivity for all polymeric membranes increase with
the increasing of applied voltage. The impedance measurements for proton conductivity of
polymeric membranes with SiO2 nanoparticles suggested a considerable change.

The results demonstrated that the synthesized polymeric membrane is excellent for
efficient removal of metallic ions from wastewater and can be used for future applications
(e.g., fuel cells, nanofiltration, electrodialysis reverse, ultrafiltration, reverse osmosis, micro-
filtration). Also, the new versatile laboratory electrodialysis system can future applied for
water desalination, treatment of industrial effluents and removal/recover of other metallic
ions (e.g., Ni2+, Cu2+, Fe2+, Cd2+, Pb2+) from different wastewaters.

Author Contributions: Conceptualization, S.C., C.M. and V.P.; Methodology, S.C., C.M. and V.P.;
Software, S.C.; Validation, S.C., V.P. and A.M.D.; Formal analysis, S.C. and C.M.; Investigation, S.C.,
C.M. and V.P.; Resources, S.C. and C.M.; Data curation, S.C., V.P. and O.D.O.; Writing—original draft
preparation, S.C., C.M. and V.P.; Writing—review and editing, S.C., V.P. and A.M.D.; Visualization,
S.C., V.P. and A.M.D.; Supervision, S.C., O.D.O. and A.M.D. All authors have read and agreed to the
published version of the manuscript.

Funding: This research has been funded by the University POLITEHNICA of Bucharest, through the
UPB-GEX2016, project no. 62/2016, supported by a research project UPB–GEX 2017 and supported
by a grant of the Romanian Ministry of Research and Innovation, PCCDI—UEFISCDI, project no.
PN-III-P1-1.2-PCCDI-2017-0428/Napoli19, within PNCDI III (no.40PCCDI/2018, PC4-FOTOMAH).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Parmar, M.; Thakur, L.S. Heavy metal Cu, Ni and Zn: Toxicity, health hazards and their removal techniques by low cost

adsorbents: A short overview. Int. J. Plant Anim. Environ. Sci. 2013, 3, 143–157.
2. Lu, S.; Gibb, S.W.; Cochrane, E. Effective removal of zinc ions from aqueous solutions using crab carapace biosorbent. J. Hazard.

Mater. 2007, 149, 208–217. [CrossRef]
3. Ge, F.; Li, M.-M.; Ye, H.; Zhao, B.-X. Effective removal of heavy metal ions Cd2+, Zn2+, Pb2+, Cu2+ from aqueous solution by

polymer-modified magnetic nanoparticles. J. Hazard. Mater. 2012, 211–212, 366–372. [CrossRef]
4. Raut, N.; Charif, G.; Amal, A.-S.; Shinoona, A.-A.; Abrar, A.-A. A Critical Review of Removal of Zinc from Wastewater. In

Proceedings of the World Congress on Engineering, London, UK, 4–6 June 2012.
5. Mishra, V. Biosorption of zinc ion: A deep comprehension. Appl. Water Sci. 2014, 4, 311–332. [CrossRef]
6. Mishra, V.; Balomajumder, C.; Agarwal, V.K. Zinc (II) ion biosorption on to surface of eucalyptus leaf biomass: Isotherm, kinetic

and mechanistic modeling. Clean Soil Air Water 2010, 38, 1062–1073. [CrossRef]
7. WHO; FAO; IAEA. Trace Elements in Human Health and Nutrition; WHO: Geneva, Switzerland, 2002; pp. 230–245.
8. Institute of Medicine. Dietary Reference Intakes (DRIs): Tolerable Upper Intake Levels (UL), Elements. Available online: http://

www.iom.edu/Object.File/Master/21/372/DRI%20Tables%20after%20electrolytes%20plus%20micro-macroEAR2.pdf (accessed
on 20 March 2021).

9. UNICEF; WHO; World Bank. Levels and Trends in Child Malnutrition. Joint Child Malnutrition Estimates; United Nations International
Children’s Fund: New York, NY, USA; World Health Organization: Geneva, Switzerland; World Bank: Washington, DC, USA, 2012.

10. Luna, A.S.; Costa, A.L.H.; da Costa, A.C.A.; Henriques, C.A. Competitive biosorption of cadmium(II) and zinc(II) ions from
binary systems by Sargassum filipendula. Bioresour. Technol. 2010, 101, 5104–5111. [CrossRef]

http://doi.org/10.1016/j.jhazmat.2007.03.070
http://doi.org/10.1016/j.jhazmat.2011.12.013
http://doi.org/10.1007/s13201-013-0150-x
http://doi.org/10.1002/clen.201000030
http://www.iom.edu/Object.File/Master/21/372/DRI%20Tables%20after%20electrolytes%20plus%20micro-macroEAR2.pdf
http://www.iom.edu/Object.File/Master/21/372/DRI%20Tables%20after%20electrolytes%20plus%20micro-macroEAR2.pdf
http://doi.org/10.1016/j.biortech.2010.01.138


Polymers 2021, 13, 1875 16 of 17

11. Chito, D.; Weng, L.; Galceran, J.; Companys, E.; Puy, J.; van Riemsdijk, W.H.; van Leeuwen, H.P. Determination of free Zn2+

concentration in synthetic and natural samples with AGNES (Absence of Gradients and Nernstian Equilibrium Stripping) and
DMT (Donnan Membrane Technique). Sci. Total Environ. 2012, 421–422, 238–244. [CrossRef]

12. Barakat, M.A. New trends in removing heavy metals from industrial wastewater. Arab. J. Chem. 2011, 4, 361–377. [CrossRef]
13. Yadla, S.V.; Sridevi, V.; Lakshmi, M.V.V.C. A Review on Adsorption of Heavy Metals from Aqueous Solution. J. Chem. Biol. Physic.

Sci. 2012, 2, 1585–1593.
14. Caprarescu, S.; Zgârian, R.G.; Tihan, G.T.; Purcar, V.; Totu, E.E.; Modrogan, C.; Chiriac, A.-L.; Nicolae, C.A. Biopolymeric

Membrane Enriched with Chitosan and Silver for Metallic Ions Removal. Polymers 2020, 12, 1792. [CrossRef]
15. Gurreri, L.; Tamburini, A.; Cipollina, A.; Micale, G. Electrodialysis Applications in Wastewater Treatment for Environmental

Protection and Resources Recovery: A Systematic Review on Progress and Perspectives. Membranes 2020, 10, 146. [CrossRef]
[PubMed]

16. Ezugbe, E.O.; Rathilal, S. Membrane Technologies in Wastewater Treatment: A Review. Membranes 2020, 10, 89. [CrossRef]
[PubMed]

17. Gally, C.R.; Benvenuti, T.; da Trindade, C.D.; Rodrigues, M.A.; Zoppas-Ferreira, J.; Pérez-Herranz, V.; Bernardes, A.M. Electrodial-
ysis for the tertiary treatment of municipal wastewater: Efficiency of ion removal and ageing of ion exchange membranes. J.
Environ. Chem. Eng. 2018, 6, 5855–5869. [CrossRef]

18. Sajjad, A.-A.; Yunus, M.Y.B.M.; Azoddein, A.A.M.; Hassell, D.G.; Dakhil, I.H.; Hasan, H.A. Electrodialysis Desalination for Water
and Wastewater: A Review. Chem. Eng. J. 2020, 380, 122231.

19. Huang, C.; Xu, T.; Zhang, Y.; Xue, Y.; Chen, G. Application of electrodialysis to the production of organic acids: State-of-the-art
and recent developments. J. Membr. Sci. 2007, 288, 1–12. [CrossRef]

20. Caprarescu, S.; Miron, A.R.; Purcar, V.; Radu, A.-L.; Sarbu, A.; Nicolae, C.A.; Pascu, M.; Ion-Ebrasu, D.; Raditoiu, V. Treatment of
Crystal violet from synthetic solution using membranes doped with natural fruit extract. CLEAN Soil Air Water 2018, 46, 1700413.
[CrossRef]

21. Gurreri, L.; Cipollina, A.; Tamburini, A.; Micale, G. Electrodialysis for wastewater treatment—Part I: Fundamentals and
municipal effluents. In Current Trends and Future Developments on (Bio-) Membranes-Membrane Technology for Water and Wastewater
Treatment-Advances and Emerging Processes; Basile, A., Comite, A., Eds.; Elsevier: Amsterdam, The Netherlands, 2020; pp. 141–192.

22. Fidaleo, M.; Moresi, M. Electrodialysis Applications in The Food Industry. Adv. Food Nutr. Res. 2006, 51, 265–360.
23. Ghaee, A.; Shariaty-Niassar, M.; Barzin, J.; Matsuura, T.; Ismail, A.F. Preparation of chitosan/cellulose acetate composite

nanofiltration membrane for wastewater treatment. Desalin. Water Treat. 2016, 57, 14453–14460. [CrossRef]
24. Sahebjamee, N.; Soltanieh, M.; Mousavi, S.M.; Nasab, A.H. Removal of Cu2+, Cd2+ and Ni2+ ions from aqueous solution using a

novel chitosan/polyvinyl alcohol adsorptive membrane. Carbohydr. Polym. 2019, 210, 264–273. [CrossRef]
25. Nasir, A.; Masood, F.; Yasin, T.; Hameed, A. Progress in polymeric nanocomposite membranes for wastewater treatment:

Preparation, properties and applications. J. Ind. Eng. Chem. 2019, 79, 29–40. [CrossRef]
26. Lalia, B.S.; Kochkodan, V.; Hashaikeh, R.; Hilal, N. A review on membrane fabrication: Structure, properties and performance

relationship. Desalination 2013, 326, 77–95. [CrossRef]
27. Ursino, C.; Castro-Muñoz, R.; Drioli, E.; Gzara, L.; Albeirutty, M.; Figoli, A. Progress of Nanocomposite Membranes for Water

Treatment. Membranes 2018, 8, 18. [CrossRef]
28. Hashim, N.A.; Liu, Y.T.; Li, K. Preparation of PVDF hollow fiber membranes using SiO2 particles: The effect of acid and alkali

treatment on the membrane performances. Ind. Eng. Chem. Res. 2011, 50, 3035–3040. [CrossRef]
29. Ng, L.Y.; Mohammad, A.W.; Leo, C.P.; Hilal, N. Polymeric membranes incorporated with metal/metal oxide nanoparticles: A

comprehensive review. Desalination 2013, 308, 15–33. [CrossRef]
30. Pereira, P.P.; Fernandez, M.; Cimadoro, J.; González, P.S.; Morales, G.M.; Goyanes, S.; Agostini, E. Biohybrid membranes for

effective bacterial vehiculation and simultaneous removal of hexavalent chromium (CrVI) and phenol. Appl. Microbiol. Biotechnol.
2021, 105, 827–838. [CrossRef]

31. Torasso, N.; Vergara-Rubio, A.; Rivas-Rojas, P.; Huck-Iriart, C.; Larrañaga, A.; Fernández-Cirelli, A.; Cerveny, S.; Goyanes, S.
Enhancing arsenic adsorption via excellent dispersion of iron oxide nanoparticles inside poly(vinyl alcohol) nanofibers. J. Environ.
Chem. Eng. 2021, 9, 104664. [CrossRef]

32. Yin, J.; Kim, E.S.; Yang, J.; Deng, B. Fabrication of a novel thin-film nanocomposite (TFN) membrane containing MCM-41 silica
nanoparticles (NPs) for water purification. J. Membr. Sci. 2012, 423–424, 238–246. [CrossRef]

33. Rosdi, N.; Sokri, M.N.M.; Rashid, N.M.; Che Chik, M.S.; Musa, M.S. Chitosan/Silica Composite Membrane: Adsorption of
Lead(II) Ion from Aqueous Solution. J. Appl. Membr. Sci. Technol. 2019, 23, 63–72. [CrossRef]

34. Caprarescu, S.; Radu, A.-L.; Purcar, V.; Ianchis, R.; Sarbu, A.; Ghiurea, M.; Nicolae, C.; Modrogan, C.; Vaireanu, D.-I.; Périchaud,
A.; et al. Adsorbents/ion exchangers-PVA blend membranes: Preparation, characterization and performance for the removal of
Zn2+ by electrodialysis. Appl. Surf. Sci. 2015, 329, 65–75. [CrossRef]

35. Dalla Costa, R.F.; Klein, W.C.; Bernardes, A.M.; Ferreira, J.Z. Evaluation of the electrodialysis process for the treatment of metal
finishing wastewater. J. Braz. Chem. Soc. 2002, 13, 540–547. [CrossRef]

36. Babilas, D.; Dydo, P. Selective zinc recovery from electroplating wastewaters by electrodialysis enhanced with complex formation.
Sep. Purif. Technol. 2019, 192, 419–428. [CrossRef]

http://doi.org/10.1016/j.scitotenv.2012.01.052
http://doi.org/10.1016/j.arabjc.2010.07.019
http://doi.org/10.3390/polym12081792
http://doi.org/10.3390/membranes10070146
http://www.ncbi.nlm.nih.gov/pubmed/32660014
http://doi.org/10.3390/membranes10050089
http://www.ncbi.nlm.nih.gov/pubmed/32365810
http://doi.org/10.1016/j.jece.2018.07.052
http://doi.org/10.1016/j.memsci.2006.11.026
http://doi.org/10.1002/clen.201700413
http://doi.org/10.1080/19443994.2015.1068228
http://doi.org/10.1016/j.carbpol.2019.01.074
http://doi.org/10.1016/j.jiec.2019.06.052
http://doi.org/10.1016/j.desal.2013.06.016
http://doi.org/10.3390/membranes8020018
http://doi.org/10.1021/ie102012v
http://doi.org/10.1016/j.desal.2010.11.033
http://doi.org/10.1007/s00253-020-11031-x
http://doi.org/10.1016/j.jece.2020.104664
http://doi.org/10.1016/j.memsci.2012.08.020
http://doi.org/10.11113/amst.v23n1.141
http://doi.org/10.1016/j.apsusc.2014.12.128
http://doi.org/10.1590/S0103-50532002000400021
http://doi.org/10.1016/j.seppur.2017.10.013


Polymers 2021, 13, 1875 17 of 17

37. Petcu, C.; Purcar, V.; Radu, A.-L.; Ianchis, R.; Elvira, A.; Sarbu, A.; Ion-Ebrasu, D.; Miron, A.R.; Modrogan, C.; Ciobotaru, A.I.
Removal of zinc ions from model wastewater system using bicopolymer membranes with fumed silica. J. Water Process Eng. 2015,
8, 1–10.

38. Kamjornsupamitr, T.; Sangthumchai, T.; Youngme, S.; Martwiset, S. Proton conducting composite membranes from crosslinked
poly(vinyl alcohol) and poly (styrene sulfonic acid)-functionalized silica nanoparticles. Int. J. Hydrog. Energy 2018, 43, 11190–11201.
[CrossRef]

39. Dhapte, V.; Kadam, S.; Pokharkar, V.; Khanna, P.K.; Dhapte, V. Versatile SiO2 Nanoparticles@Polymer Composites with Pragmatic
Properties. Int. Sch. Res. Not. 2014, 2014, 170919. [CrossRef]

40. Sabir, A.; Islam, A.; Shafiq, M.; Shafeeq, A.; Butt, M.T.Z.; Ahmad, N.M.; Sanaullah, K.; Jamil, T. Novel polymer matrix composite
membrane doped with fumed silica particles for reverse osmosis desalination. Desalination 2015, 368, 159–170. [CrossRef]

41. Jia, X.; Li, Y.; Cheng, Q.; Zhang, S.; Zhang, B. Preparation and properties of poly(vinyl alcohol)/silica nanocomposites derived
from copolymerization of vinyl silica nanoparticles and vinyl acetate. Eur. Polym. J. 2007, 43, 1123–1131. [CrossRef]

42. Shirvani, H.; Maghami, S.; Pournaghshband Isfahani, A.; Sadeghi, M. Influence of Blend Composition and Silica Nanoparticles
on the Morphology and Gas Separation Performance of PU/PVA Blend Membranes. Membranes 2019, 9, 82. [CrossRef]

43. Wang, C.; Liang, Y.; Miao, J.; Wu, B.; Hossain, M.; Cao, M.; Ge, Q.; Su, L.; Zheng, Z.; Yang, B.; et al. Preparation and properties of
polyvinyl alcohol (PVA)/mesoporous silica supported phosphotungstic acid (MS-HPW) hybrid membranes for alkali recovery. J.
Membr. Sci. 2019, 592, 117388. [CrossRef]

44. Yu, S.; Zuo, X.; Bao, R.; Xu, X.; Wang, J.; Xu, J. Effect of SiO2 nanoparticle addition on the characteristics of a new organic–inorganic
hybrid membrane. Polymer 2009, 50, 553–559. [CrossRef]

45. Ye, L.; Zhai, L.; Fang, J.; Liu, J.; Li, C.; Guan, R. Synthesis and characterization of novel cross-linked quaternized poly(vinyl
alcohol)membranes based on morpholine for anion exchange membranes. Solid State Ion. 2013, 240, 1–9. [CrossRef]

46. Ahmadian-Alam, L.; Mahdavi, H. A novel polysulfone-based ternary nanocomposite membrane consisting of metal-organic
framework and silica nanoparticles: As proton exchange membrane for polymer electrolyte fuel cells. Renew. Energy 2018, 126,
630–639. [CrossRef]

47. Zuo, X.; Wu, J.; Ma, X.; Deng, X.; Cai, J.; Chen, Q.; Liu, J.; Nan, J. A poly(vinylidene fluoride)/ethyl cellulose and amino-
functionalized nano-SiO2 composite coated separator for 5 V high-voltage lithium-ion batteries with enhanced performance. J.
Power Sources 2018, 407, 44–52. [CrossRef]

http://doi.org/10.1016/j.ijhydene.2018.04.198
http://doi.org/10.1155/2014/170919
http://doi.org/10.1016/j.desal.2014.12.041
http://doi.org/10.1016/j.eurpolymj.2007.01.019
http://doi.org/10.3390/membranes9070082
http://doi.org/10.1016/j.memsci.2019.117388
http://doi.org/10.1016/j.polymer.2008.11.012
http://doi.org/10.1016/j.ssi.2013.03.019
http://doi.org/10.1016/j.renene.2018.03.075
http://doi.org/10.1016/j.jpowsour.2018.10.056

	Introduction 
	Materials and Methods 
	Materials and Reagents 
	Synthesis of Polyvinyl Alcohol-SiO2 Nanoparticles Polymeric Membrane 
	Laboratory Electrodialysis System 
	Characterization of Prepared Polymeric Membranes 
	Fourier Transforms Infrared Spectroscopy-Attenuated Total Reflection (FTIR-ATR) 
	Scanning Electron Microscopy (SEM) 
	Electrochemical Impedance Spectroscopy (EIS) 


	Results and Discussion 
	Laboratory Electrodialysis System Efficiency 
	FTIR-ATR Spectroscopy 
	SEM Analysis 
	EIS Measurements 

	Conclusions 
	References

